Abstract-In this paper, test measurements of a fibered optically stimulated luminescent dosimeter (OSLD) system performed during a dedicated experimental phase in EOLE zeropower reactor are presented. The measurement setup consists of an OSLD crystal connected onto the extremity of an optical fiber and a laser stimulation system, manufactured by the CEA/LIST, Saclay, France. The OSL sensor is remotely stimulated via an optical fiber using a diode-pumped solid-state laser. The OSL light is collected and guided back along the same fiber to a photomultiplier tube through appropriate optical filters. OSL signals are corrected for background noise and integrated to provide the absorbed doses thanks to calibration coefficients. The light stimulation also fully bleaches the crystal (reusable for the next measurement). Results obtained using this system are compared to usual gamma-heating measurement protocol using OSLD pellets. Both measurement processes were calibrated to ensure the comparison of absolute doses in gray at the same positions in the core. The presence of induced radioluminescence in the OSLD during the irradiation was also observed and could be used to monitor the gamma flux. The feasibility of remote measurements is achieved, whereas further developments could be conducted to improve this technique since the readout procedure still requires to withdraw the OSLD off the gamma flux (hence from the core) on account of the dose rate (around a few Gy·h −1 ), and the readout time remains quite long for online applications. Several improvements are foreseen and will be tested in the forthcoming years.
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I. INTRODUCTION
T HE accurate determination of nuclear heating in materials is a major issue for the development of nuclear technology and in particular the design of new core concepts, such as the Jules Horowitz material testing reactor [1] . The experimental validation of neutron and photon propagation calculation schemes (code system and associated nuclear data library) is then a critical element in terms of technological choices, as well as for operation and safety improvement in the present and future nuclear reactors. In material testing reactors, the neutron and gamma flux levels allow measuring directly the nuclear heating by calorimetry-based techniques for instance. In mockups or zero-power reactors (ZPRs), such as EOLE and MINERVE reactors at Cadarache, France [2] , the lowoperating level-typically from some watts to some kilowatts-requires the use of different methods such as dosimetry. In the past few years, several experimental programs [3] , [4] were devoted to the improvement of gamma-heating measurements using thermoluminescent dosimeters (TLDs) and optically stimulated luminescent dosimeters (OSLDs). However, the main drawback of nuclearheating measurement in low-power reactors remains the off-line gamma-heating estimation, given that both TLD and OSLD stimulations (thermal and optical, respectively) allowing the readout of the absorbed doses can only be performed after irradiation and out of core. To circumvent this disadvantage, an effort is being made on the development of in situ and online measurement of the gamma heating. One of the considered solutions is the use of optical fibered systems.
In Section II, the main principles of gamma-heating measurements in low-power reactors and especially the system that was used for measurement are presented. In Section III, the results of test measurements performed in the EOLE reactor are presented.
II. GAMMA-HEATING MEASUREMENTS USING OPTICAL FIBERS

A. Overview and General Principles
Nuclear heating in material arises from the local deposition of energy carried by neutrons, prompt photons issued from fissions, radiative captures and inelastic neutron scattering, and delayed photons emitted by fissions and activation product decays. This energy is transferred to the electrons through neutral particle interactions and finally deposited in the material.
Among the different existing techniques, two are particularly suitable for gamma-heating measurements in ZPR: TLD and OSLD. Both techniques are based on the luminescence emitted by the recombination of trapped electrons after a thermal or optical stimulation of the detector. Usually TLDs and OSLDs are small pellets of luminescent material with high photon sensitivity (doped LiF, CaF 2 , and Al 2 O 3 ), stacked in metal pillboxes made of the material to be investigated. They are irradiated at the positions of interest in the core 0018-9499 © 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. (regarding gamma and neutron spectra) and withdrawn in order to read the dose. The main drawback is that the readout process is performed out of the core, reducing the number of measurements that can easily be carried out and not allowing a "real-time" (online) estimation of the dose. In order to allow a remote and/or online measurement of the gamma heating in the core, different types of fibered setups are also based on the same physical principles, the optical fiber carrying both the light or thermal stimulation for the readout procedure and the TL or OSL signal emitted consequently. However, as a TLD requires a strong thermal stimulation (several hundred°C), it is more difficult to implement a fibered-TLD system in a core, due to safety constraints. It has been chosen to test a fibered system based on light stimulation, which is described in Section II-B. A comprehensive review of gamma dosimetry techniques can be found in [5] .
B. Description of the Fibered-OSLD System
A complete description of the system can be found in [6] and [7] , its main principles are summed up hereafter. An overview of the system can be seen in Fig. 1 . The OSL reader includes a 16-channel optical fiber switch actuated by a stepper motor, an optical case, and power/USB electronics. The OSL reader is linked to a laptop handled through dedicated software. An OSL fiber sensor consists of an optical fiber cable (armoured with iron thread) with an SMA connector at one end and a steel case at the other. The steel case is rigidly fixed onto the cable extremity. It protects the OSL crystal (Al 2 O 3 :C crystals, ∅ 1 mm, 1 mm long) affixed near the end of a silica fiber and provides a stable coupling of light. The crystal is fixed within the frame of the sensing head. As glue is very susceptible to darken under radiation, no glue was used between crystal and fiber (air gap). The sensors exhibit circular symmetry along the fiber/crystal axis.
After irradiation, each OSL sensor is remotely stimulated using a continuous wave (CW) diode-pumped solid-state laser (at 532 nm, 200 mW initially) and bleached for a next use. The reader works in the CW mode (i.e., CW-OSL). The OSL resulting from the stimulation of the crystal, emitted at 410 nm, is then collected by the optical fiber, separated by a dichroic beam splitter, and filtered and eventually detected by a photomultiplier in photon-counting mode. The data counts are corrected for counter dead-time influence (20 ns). The background signal is also averaged from the latest portion of the OSL signal and subtracted from the raw signal. The error in OSL measurement is due to counting statistics (1/ √ N), background and temperature corrections. The integration usually runs until the OSL signal gets below 0.1% of the integral.
III. TEST MEASUREMENTS IN THE EOLE REACTOR
A. Absolute Dose Calibration
The first step in gamma dose measurements is to characterize the detector response to the absorbed gamma dose. Detectors were calibrated in a pure gamma field at a distance of 80 cm of a 60 Co source, whose β − decay leads to the emission of two gamma rays at 1.17 and 1.33 MeV. This provides the best representativeness conditions with respect to reactor prompt photon spectra, ranging from 100 keV to 7 MeV with a major contribution to Kinetic Energy Released per MAss unit (kerma) gamma in air between 1 and 3 MeV and a mean energy around 1.7 MeV [4] . The kerma represents the energy transferred by neutral particles in the form of kinetic energy to charged particles in the detector.
Three fibered sensors (labeled #2, #7, and #8) were calibrated at dose values from 5 to 900 mGy, by varying their exposure time to the source. The three sensors show the same behavior with significantly different sensitivities, and a second-order polynomial was adjusted to the data (Fig. 2) . This sensitivity variation between sensors could be explained by small differences that could exist between detectors (crystal size, crystal fiber connection, the air-gap distance, etc.,). This relationship can be written as
where Q γ is the dosimeter response (OSL integral in counts) and K air is the reference dose quantity (in mGy) corresponding to the kerma gamma in air measured during a time t at the calibration location in the absence of dosimeter. The uncertainty on the kerma rate is 1.5%, and the uncertainty on the OSL (the detector response) is between 0.05% for the highest doses (kerma) and 4% for the lowest ones. The values of the fit parameters and their uncertainties are gathered in Table I .
For comparison measurements in EOLE, OSLD pellets (alumina encapsulated in polyester, from Landauer [8] ) stacked in stainless-steel pillboxes were also calibrated in a pure gamma field, up to an integrated dose of 2 Gy. Their responses are linear.
B. Experimental Setup
This system was tested in the EOLE reactor. In order to reach the lowest uncertainty achievable with our setup, measurements were carried out with the most sensitive fibered-OSL sensor (#2). The reader was located on the top of the EOLE core, the fiber going inside the core through a plastic tube connected at the upper end of a watertight aluminum overclad.
The OSLD crystal connected to the fiber was set slightly above the core midplane, maintained in position by an aluminum shim. Below this sensor, two Landauer nanoDots OLSD pellets in a stainless-steel pillbox were used for comparison purpose, as long as other ones in an equivalent position, but without the fiber on the top of them (Fig. 3) .
Two tests were carried out. The first one consisted in comparing the results between the fibered-OSLD and the OSLD pellets. To assess the dose during an irradiation, the background dose rate in the core has to be measured first. All detectors were put inside the core as close in time as possible. The background was measured with all control rods down and without water in the core. Fibered-OSLD and OSLD pellets were withdrawn from the core after 24 h. After reading the dose in all detectors, they were set back in their respective positions in the core. They were then irradiated for 10 min at a constant power of 10 W, in order to reach an integrated dose of around 1 Gy. As soon as possible after irradiation, detectors are withdrawn from the core, in order to minimize the dose due to delayed gamma emission generated by the neutron activation and fission. The second test was meant to check the feasibility of using the fibered-OSLD system for several dose measurements one after another in the core. One should note that the readout of the dose integrated by the OSL crystal has to be performed out of flux. During a second day of test, two successive irradiations were carried out. After the first one, the fibered-OSLD was pulled out from the core in order to read out the integrated dose, then it was inserted back before the second irradiation.
C. Results and Discussion
The results for the comparison between the fibered-OSLD and the OSLD pellets are shown in Table II . The irradiation values are already corrected for background. The dose rate during irradiation was around 7 Gy·h −1 . The background dose during an irradiation was negligible, since the measured background dose rate was only 10 mGy·h −1 . Measurements carried out during irradiations show a very good agreement, with differences of the same order of magnitude as their uncertainties. The discrepancy between the OSLD pellets and the fibered-OSLD in the same channel is 3.5%, while the difference between the fibered-OSLD and the OSLD pellets in the equivalent position is 0.1%. However, the fibered-OSLD was only calibrated up to 0.9 Gy, so the absolute dose value at 1.2 Gy could slightly be biased. Although the comparison if statistically satisfying, complementary calibration must be carried out to improve the accuracy of fibered-OSLD measurements at higher doses.
In Table III , the dose measurements during three irradiations (10 min at a power of 10 W) are presented. The background correction is considered the same for days 1 and 2. Raw measured doses were corrected with the fission chamber monitoring of the irradiations, to account for small power and duration differences. A 2.3% standard deviation is observed between the three irradiations, consistent with the measurement uncertainty (around 3%).
Another interesting feature of the fibered-OSL system is the presence of a radio-luminescence (RL) signal during the irradiations that could be used for example to monitor the gamma flux inside the core (Fig. 4) . Similar to OSL, this RL signal is related to the F-center concentration and is proportional to the dose rate. However, in order to use this signal for dose or dose rate measurements, it would require a calibration of the RL response of the sensors with respect to dose and to dose rate. Algorithms developed for radiation therapy [9] could be implemented in order to use this RL signal. Moreover, the presence of this signal in low gamma flux such as those encountered in ZPRs is of high interest since it could provide measurements to characterize the delayed gamma contribution in the core [10] . Nevertheless, some limitations appeared when using this fibered system in EOLE for OSL-based measurements. The main one was that the read-out time of the fibered sensor, from the start of the laser stimulation to the bleaching of the OSL crystal, is similar to the irradiation duration. A further improvement would be to enable OSL read-out online during irradiation at moderate dose rate level (∼Gy·h −1 ). This may be achieved by increasing the laser power. Moreover, the calibration should be modified to account for the "competition" between two antagonistic processes: the increase of the amount of trapped electrons within the gap due to radiation effects, and the recombination of some of them at each laser pulse [11] .
IV. CONCLUSION
Remote gamma-heating measurements were performed in the EOLE reactor using a fibered setup. An optical fiber is used to carry both the light stimulation for the readout procedure of the dosimeter, and the OSL emitted simultaneously by the detector located at the tip of the fiber. Standard OSLD pellets were also used for comparison purpose during the irradiations in the core. All detectors were beforehand calibrated in a pure gamma field with a 60 Co source.
The two measurement techniques are in good agreement (within a few percents), and the reproducibility of the measurements of the fibered OSLD was measured around 3%.
Further development could improve the use of this remote system in ZPRs.
1) The decrease of the readout time down to a few seconds could be achieved by reducing the crystal size and/or increasing the laser power.
2) The characterization of the behavior of the detector when the readout is performed during irradiation could provide an actual online measurement. The increase in laser power also enables to work at higher dose rate. 3) Calibrate and use the RL signal observed, but not used in this study, would be another way to have an online measurement of the gamma flux in the core.
